Background--Increased carotid intima-media thickness (IMT) is associated with subclinical left ventricular myocardial dysfunction, suggesting a possible role of carotid IMT in heart failure (HF) risk determination.
H eart failure (HF) represents an increasing clinical and public health burden in the United States as its prevalence and incidence continue to rise, 1-3 especially among elderly Americans. 4, 5 HF has emerged as the single leading diagnosis for hospitalization in the elderly and hospitalization rates are higher among blacks than among whites, with 83% of HF patients hospitalized at least once and 43% hospitalized at least 4 times over a mean duration of 4.7 years. 6, 7 The burden of HF is likely to increase because of the increasing age of the American population, earlier age of onset of HF and improved treatment and survival from cardiovascular (CV) diseases, including myocardial infarction (MI) and hypertension. 8, 9 Carotid IMT is a well established marker of subclinical atherosclerosis, which indicates early manifestation of atherosclerosis in the carotid arteries, 10, 11 and is associated with future CV events, 12, 13 asymptomatic myocardial ischemia, 14 and changes in risk factors induced by therapeutic interventions. 15 There is evidence of a direct relationship between increased carotid IMT and reduced left ventricular (LV) systolic and diastolic function assessed by myocardial strain in asymptomatic individuals without previous clinical CV disease. 16 Elderly patients with HF differ from younger patients with HF in terms of several biologic characteristics, including the relatively large proportion of elderly patients with HF who have preserved systolic function. 17, 18 Using data from the Cardiovascular Health Study, which included subjects 65 years or older, atherosclerosis as measured by carotid IMT was shown to predict overt systolic and diastolic HF. 19 The association of carotid IMT with incident HF in middle-aged adults, who are at a lower risk of HF than older adults, is not well known. Previous cross-sectional analysis using data from the ARIC cohort showed that participants with HF had a higher mean carotid IMT than participants without HF. 20 These findings were not adjusted for CVD risk factors. Subclinical vascular disease as determined by an increase in carotid IMT may be a determinant of risk for future HF, but this has not been studied. In the present study, we examine the hypothesis that subclinical atherosclerosis, assessed by mean carotid IMT, is associated with incident HF beyond what is explained by major CVD risk factors in middle-aged whites and blacks. We tested this hypothesis using data from the Atherosclerosis Risk in Communities (ARIC) Study cohort.
Methods

Selection and Description of Participants
The ARIC study is community-based prospective study which enrolled 15 792 participants aged 45 to 64 years at the time of their baseline assessment (1987) (1988) (1989) ) from 4 communities: Forsyth County, North Carolina; suburban Minneapolis, Minnesota; Washington County, Maryland; and Jackson, Mississippi. 21 In the cohort, response rates at baseline were 46% in Jackson and 65% to 67% for the other communities. Successful contact with living cohort members through an annual phone interview was above 93%. During the follow-up period, annual phone interviews were conducted with participants to inquire about events (including HF), and hospital records were surveyed for identification and classification of HF events. The institutional review boards from each site approved the ARIC study. Our analysis involved the use of data from the baseline examination. Excluded from the sample were: (1) participants who were missing all far wall values of carotid IMT at baseline (n=607); 22 (2) racial groups other than black or white because of their limited numbers (n=48); (3) participants with missing criteria needed to define baseline glucose status (n=148); (4) participants with missing data needed to define HF at baseline (n=287); (5) prevalent cases of HF at baseline, either by self-reported current intake of HF medication, or those with stage 3 or manifest HF by Gothenburg criteria (n=752). 20, 23 The Gothenburg criterion (Table 1) is composed of 3 scores, (1) cardiac, (2) pulmonary, and (3) therapy. To have stage 3 or manifest HF, the participant must have a point from each category. All current medications (taken within the last 2 weeks) were brought into the clinic and documented. Use of digoxin and diuretics was determined from these medication lists. 20 Atrial fibrillation was diagnosed by visual inspection of a 2-minute rhythm strip from leads V1, II, and V5 using standardized methodology. 24 All other components were determined by participant self-report.
Data Collection and Study Variables
ARIC study participants provided information on demographic and behavioral variables and medical history to a trained interviewer at each visit. Race, gender, educational level, current alcohol use, and smoking status were determined by self-report at baseline. Medication use for dyslipidemia and hypertension were coded by trained personnel. 
Measurement of Carotid IMT
Atherosclerosis of the common carotid arteries was measured by non-invasive, high-resolution B-mode ultrasound. 21 In this study, technicians scanned 3 specified segments of the extra cranial carotid arteries bilaterally: the common carotid, the bifurcation, and the internal carotid. The common carotid intima and media was assessed in a 1-cm segment proximal to the dilatation of the carotid bulb. The intima and media of the bifurcation and internal carotid were assessed over the 1-cm segments proximal and distal to the flow divider, respectively. 25 A total of 6 sites were examined, 3 measurements in each carotid. The mean intimal-medial thickness of the far wall of the 6 segments was used as a general indicator of atherosclerosis in the carotid artery. The ultrasound examinations were performed according to a standardized protocol by trained, certified sonographers subject to semiannual evaluation. 26 Ultrasound images were recorded on a videotape and forwarded to a central reading center for interpretation. The ultrasound readers were blinded from patient characteristics. For each of the 6 images, the IMT was measured over a 1-cm segment at 1-mm increments (total of 11 measurements). A mean wall thickness for each segment was then calculated. A mean carotid IMT adjusted for reader differences and reading date was then calculated. This protocol produces a single index of atherosclerosis with improved precision provided by the averaging of multiple IMT measurements. 25 In a randomly selected subset of 855 participants, the between-reader reliability coefficients ranged from 0.78 to 0.93 and coefficients of variation ranged from 13.1% to 18.3% (≥80% of duplicate scans differed by <0.267 mm). 26, 27 Ascertainment of Heart Failure Incident HF was defined as the first occurrence of either (1) an HF hospitalization that included an International Classification of Diseases (ICD), ninth revision, discharge code of 428.x (428.0 to 428.9) in any position, or (2) a death certificate with a 428 (HF) or ICD, 10th revision, code I50 (HF) in any position. All hospitalizations occurring in cohort participants were identified either through generated computer programs, or review of hospital discharge indexes or information elicited during the annual follow-up interview. Hospitalizations eligible based on set criteria (discharge codes, discharge dates, race sex, and age) but were found upon review to have been hospitalized for less than 24 hours were not abstracted. Abstractors made copies of sections of the medical record (discharge summary, history and physical report, admission note, and imaging reports) for use by the ARIC Heart Failure Mortality and Morbidity Classification Committee (HF MMCC). The inter-abstractor agreement rate for determining whether or not to conduct detailed abstraction in a quality control sample was 99%. The ARIC community surveillance database was also searched for possible HF events occurring among cohort participants that were not reported at the annual follow-up visit or may be otherwise missed.
Beginning in 2005, the ARIC Study conducted continuous, retrospective surveillance of hospital discharges for HF for all residents aged 55 and older in the 4 ARIC communities via annual hospital discharge indices. Each hospitalization eligible for full abstraction was independently reviewed by centrally trained and certified physicians on the ARIC HF MMCC and classified into 1 of 5 categories: definite acute decompensated HF, possible acute decompensated HF, chronic stable HF, HF unlikely, or unclassifiable. 28 Differences among these reviewers are adjudicated by the Chair of the HF MMCC. HF cases occurring prior to 2005 were not adjudicated. The % agreement between any HF event adjudicated by the HF MMCC and ICD-9 code 428 was 75%, similar to that with the Framingham HF criteria (71%). 
Measurement of Other Study Variables
Prevalent CHD at baseline was defined as a self-reported history of MI, MI from adjudicated baseline ECG data, a history of physician-diagnosed MI, a prior coronary reperfusion procedure. Incident CHD was defined as any case of hospitalized MI, fatal CHD, or ECG-diagnosed MI by the end of the study period.
Three systolic and diastolic blood pressures were taken with participants in the sitting position after 5 minutes of rest using a random-zero sphygmomanometer. The average of the second and third readings was recorded. Certified technicians measured height, weight, and waist circumference. Body mass index was calculated as weight (in kg) divided by the square of the height (in meters). Waist circumference was measured at the umbilicus.
Fasting serum glucose was measured by the optimized direct analysis in real time (DART) GLUCOSE reagent method. Diabetes mellitus was defined according to measured fasting glucose level of ≥7.0 mmol/L (≥126 mg/dL), self-reported previous physician diagnosis, or use of diabetes medication (oral hypoglycemic agents and/or insulin), or a non-fasting glucose of ≥11 mmol/L (≥200 mg/dL). Impaired fasting glucose was defined by a fasting glucose level between 5.6 and 6.9 mmol/L (100 to 125 mg/dL) in accordance with the 2004 American Diabetes Association definition. Normal fasting glucose was defined as any other participant who does not meet the criteria for DM and IFG. Triglycerides and HDL cholesterol were determined using enzymatic methods. LDL cholesterol was calculated using the Friedewald equation. 29 Serum creatinine concentration was measured using a modified kinetic Jaffe method.
Statistical Analysis
Unadjusted differences in baseline characteristics between participants with and without HF were assessed using the Student's t test (for continuous variables) and chi-square test (for categorical variables). The association of carotid IMT with incident heart failure was assessed using Cox proportional hazard models with sequential adjustment for covariates. Hazard ratios and 95% confidence intervals for Cox regression analysis are presented per unit standard deviation increase and by quartiles of IMT. The base model was an unadjusted model. In multivariable analysis, the base model (unadjusted model) was sequentially adjusted for covariates of interest. A second model was adjusted for age, gender, race, and level of education (demographic model). A third model was further adjusted for systolic and diastolic blood pressures, BMI, waist circumference, HDL cholesterol, LDL cholesterol, triglycerides, smoking status and amount in pack-years, alcohol consumption, serum creatinine, and medications for hypertension and dyslipidemia (clinical and biologic model). Finally, a fourth model was adjusted for prevalent and incident CHD (CHD model). For the fourth model, incident CHD was modeled as a time-varying covariate. Covariates were chosen based on their associations in the present cohort and in prior published studies. 13, 30 Effect modification between race, gender, and carotid IMT was examined using 2-way interaction. This was achieved by including the product the IMT9race and IMT9gender terms in the model. In the presence of a significant interaction (P for interaction <0.05), we performed a stratified analysis for the covariate in question.
Separate Cox regression models included carotid IMT as a continuous variable (Z-scores) and as a categorical variable (quartiles). The proportional hazard assumption was assessed by visually examining the log (-log survival) plots and timecovariate interaction terms. Kaplan-Meier plots were used to illustrate the overall survival probability and cumulative incidence of HF by subgroups, and group comparison was done using the log-rank test. All analyses were performed using SAS 9.2 (SAS Institute Inc, Cary, NC). Statistical significance was inferred at 2-sided P<0.05.
Results
Baseline Characteristics of Participants
Among the 13 590 participants in this study, there were 2008 (14.8% of total cohort) incident cases of HF over a median follow-up period of 20.6 years. The overall unadjusted incidence rate of HF was 8.1 cases per 1000 personyears. Table 2 compares the baseline demographic and clinical characteristics of participants with and without incident HF. Compared with participants without HF, participants with HF were older (56.6 versus 53.7 years), more likely to be male (52.5% versus 44.1%), and more likely to be hypertensive (50.3% versus 28.6%). Participants who developed HF over the course of follow-up were also more likely, at baseline, to have an abnormal lipid profile, were current smokers but less likely to be current drinkers and to have completed a college education. The baseline prevalence of CHD and incidence of CHD were higher among subjects with HF (P<0.0001).
Association of Carotid IMT With Incident HF
Mean carotid IMT was significantly higher for subjects with HF (0.81AE0.23 versus 0.71AE0.17; P<0.0001), Table 2 . Compared with subjects in the first (lowest) quartile of carotid IMT (IMT≤0.61 mm), the unadjusted incidence rates of HF increased across the second, third, and fourth quartiles ( Table 3 ). The rate in the highest quartile of carotid IMT was 15.42 cases per 1000 person-years (about 4 times the rate in the first quartile, and twice the rate in the third quartile). Figure 1 shows a Kaplan-Meier plot of the overall survival probability of HF over time as a function of carotid IMT quartiles. There was a significant difference in event-free survival between quartiles of IMT (P<0.0001) (Figure 1 ). Of note, participants in the fourth quartile had a significantly lower survival; 74% of those in the fourth quartile were HF-free at 20 years, compared with 92% in the first quartile.
In the multivariable analysis, we estimated the HR of HF across quartiles of carotid IMT (Table 3) . After adjustment for demographic factors, the second, third, and fourth quartiles of carotid IMT were significantly associated with HF compared with the first quartile of IMT (HR for fourth quartile 2.59, 95% CI: 2.23 to 2.99). The strength of this association was reduced, but significantly persisted for the fourth quartile of carotid IMT after further adjustments for CVD risk factors (HR 1.65, 95% CI: 1.42, 1.93, <0.0001) and CHD (HR 1.60, 95% CI: 1.37 to 1.87, P<0.0001). There was a significant trend in the relationship between carotid IMT and HF across quartiles of IMT (P<0.0001) in all 4 models. Even after accounting for death from other causes as a competing risk event, the cumulative incidence functions of HF across quartiles of carotid IMT remained significant (P<0.0001) (Figure 2) . Similar results were observed with carotid IMT modeled as a continuous variable. The hazard ratios (HRs) and 95% confidence intervals of HF per unit SD (0.18 mm) increase in IMT are given in Table 4 . No interactions were observed by gender or race (the P values for the IMT9race and IMT9gender interaction terms in the unadjusted model were 0.97 and 0.11, respectively). (Table 5) .
In multivariable analysis, carotid IMT was associated with incident HF in both blacks and whites. Although the strength of the association decreased progressively in both blacks and whites with adjustment of more covariates, the association was only slightly attenuated; for example, in blacks the HR was 1.54 per unit SD increase in IMT (95% CI, 1.45 to 1.65) for the unadjusted model and 1.23 (95% CI, 1.12 to 1.32) after adjustment for demographic, clinical, and biological variables, and 1.22 (95% CI, 1.12 to 1.32) after adjustment for CHD.
The results of the association of increasing carotid IMT and incident HF by gender paralleled that by race.
Discussion
The objective of this study was to investigate the association of carotid IMT with incident HF among middle-aged adults. Carotid IMT was significantly associated with incident HF among whites and blacks, after adjusting for demographic and major CVD risk factors, and CHD. This relationship was comparable in both blacks and whites, as well as in males and females.
Carotid IMT is a well validated measure of pre-clinical atherosclerotic lesions. 10, 11 In this population-based study, we found mean far wall carotid IMT to be 0.72AE0.18 mm. Similar mean far wall estimates have been reported in other populations of similar age groups; in the Carotid Atherosclerosis Progression Study 31 and Malmo Diet and Cancer Study, 32 mean far wall IMT was 0.73AE0.16 mm and 0.77AE0.15 mm, respectively. The present study has shown that carotid IMT is associated with incident HF, with IMT modeled as both a continuous and categorical variable, even after taking into account associations explained by Figure 1 . Kaplan-Meier curves illustrating the HF-free survival probability over time as a function of quartiles of carotid IMT. CIMTQuartiles indicates quartiles of carotid IMT; Q1, first quartile; Q2, second quartile; Q3, third quartile; Q4, fourth quartile. Logrank P<0.0001. HF indicates heart failure; IMT, intima-media thickness.
age, gender, race, blood pressure, BMI, waist circumference, HDL cholesterol, LDL cholesterol, triglycerides, cigarette smoking, alcohol, and serum creatinine, as well as medications for dyslipidemia and hypertension. Our result is consistent with that described by Engstrom et al, 30 who reported a significant association of increased IMT and HF hospitalizations in a sample of 4691 subjects with 75 cases of HF. Moreover, our results remained significant even after adjustment for prevalent and incident cases of CHD, which has been reported to be a major cause of HF. Our study's finding that the association of carotid IMT with HF remained significant after adjustment for prevalent and incident CHD, as well as blood pressure, and other traditional CVD risk factors suggests that carotid IMT may be associated with HF through a mechanism that is different from that causing discrete clinical episodes of myocardial ischemia or infarction. This concept is strengthened by demonstrating that results were only slightly attenuated after adjustment for CHD. There are a number of potential mechanisms that could explain this association. First, increasing carotid IMT leads to structural changes of the artery wall, which result in the deposition of collagen in the intracellular matrix 33 and a decrease in arterial distensibility, 34 causing increased pressure afterload, pressure wave propagation, and eventually diastolic dysfunction. 33, 35 We found carotid IMT to be directly correlated with brachial pulse pressure (PP), but no significant change was observed when brachial PP was added to the multivariable models. There are significant differences in the etiology of HF among blacks and whites. Bourassa et al, using data from the Studies of Left Ventricular Dysfunction (SOLVD), reported that ischemic heart disease accounts for a majority of HF cases (73%) in whites than in blacks (36%). Another third of cases in blacks was due to hypertensive heart disease, compared with only 4% in whites. 43 Despite these known racial differences in the etiology of HF, we found that an association of increasing carotid IMT with incident HF was observed in both whites and blacks, and to comparable degrees.
To the best of our knowledge, our study is the first to investigate the association of carotid IMT with incident HF in a large middle-aged cohort with more than 2 decades of followup and more than 2000 cases of incident HF. The use of a middle-aged population that is at a lower risk of HF compared with the elderly is particularly important. There are nonetheless a number of limitations to this study that should be mentioned. First, we did not adjust our analyses for novel biomarkers that could potentially influence the relationship between carotid IMT and HF, such as N-terminal pro-brain natriuretic peptide (NT-proBNP) and high-sensitivity C-reactive protein. However, in a prior published study, the association of carotid IMT with HF remained significant, even after adjustment for these markers. 30 Second, the use of hospital discharge codes and death registers to recruit HF cases may have underestimated HF incidence in the population. Also, these may have been severe cases of HF with complications. However, the fact that increased carotid IMT has been shown to be associated with reduced systolic and diastolic myocardial strain in asymptomatic individuals 16 suggests an association of carotid IMT with less severe cases of HF. Our analyses included both adjudicated and non-adjudicated cases of HF. In a separate sensitivity analysis (data not shown), there was no significant difference in the hazard ratios of HF prior to and after the adjudication process. Third, our cohort comprised of only blacks and whites, so caution should be made when generalizing these results to other race/ethnic groups. Finally, in our study, carotid IMT estimates used were based on mean far wall measurements only. Depending on the segment of the carotid artery measured (common, bifurcation, or internal carotid), the portion of the artery wall measured (far or near wall), or the variable used (mean or maximum IMT), different studies may report conflicting results on the association between IMT and CVD risk. 44, 45 Therefore caution should be exercised when comparing our findings to other studies employing a different ultrasound protocol.
Conclusion
In this cohort of middle-aged blacks and whites, we have demonstrated that increasing thickness of the carotid intima and media is associated with the incidence of HF even beyond the risks accounted for by traditional CVD risk factors and CHD.
Implications
Carotid IMT is appealing because it has been shown in several population-based studies to predict future risk of myocardial infarction and stroke, and our study shows that HF is also predicted by increasing carotid IMT. Carotid IMT is a reliable, low-cost, low-risk indicator of early atherosclerosis currently used in cardiovascular research. Measurement of carotid IMT can be quickly and easily accomplished in a clinical setting, and with modern ultrasound scanners this procedure becomes more efficient and reproducible. Findings from our study indicate that carotid IMT may mediate HF through a mechanism that is different from myocardial ischemia or infarction. Carotid IMT may be useful in future HF risk prediction among middle-aged blacks and whites.
